The reliability of high gain GaAs photoconductive semiconductor switches (PCSS) has been investigated, with the goal of understanding how fabrication parameters impact device lifetime. We aim to produce high-voltage (50-100 kV) PCSS with improved lifetime, or equivalently, since the current in high gain PCSS flows in filaments, increase the current per filament at fixed lifetime. As a simpler model system, a large number of smaller (500 V) switches was tested. These scaled-down switches demonstrate the same failure mechanisms seen in larger switches. The distribution of switch lifetimes is shown to follow a log-normal distribution. Variations in the design and processing of larger switches were studied to ascertain the impact on device lifetime. The lifetime is strongly dependent on switch fabrication process parameters such as the anneal temperature. Design parameters such as the pad metal inset distance and thickness were not found to have the expected improvement in shot life. Evidence points to the surface preparation as a key variable in achieving high shot counts.
I. INTRODUCTION
Pulsed power systems designed with many switches or many different switch trigger times are heavily dependent upon the triggering systems. Conceptual pulsed power systems for fusion and isentropic compression are being designed with hundreds to hundreds of thousands of switches. Some have to be triggered simultaneously and some will need to be programmable and staggered in time. Trigger system cost, performance, and lifetime will be driving factors in these systems. For example, designers of repetitive pulsed power systems considered for fusion will eventually seek switch lifetimes >10 7 shots. A solution that addresses the performance requirements is the use of optically triggered photoconductive semiconductor switches (PCSS), which excel at delivering low jitter, fast-rise-time pulses [1] . Lifetimes for these devices have been demonstrated to be in the >>10 6 shot range at lower currents (tens of amps), but drop to the 10 3 shot range when the current per filament is hundreds of amps. To increase the switch reliability at higher current levels necessitates further investigation of device reliability and failure mechanisms. Although we have fabricated PCSS as large as 3.4 cm long that have switched up to 220 kV, many aspects of PCSS lifetime do not depend upon the length or total voltage across the switch. Electric field and current per filament are the more fundamental switching parameters that control device lifetime. Results obtained with low voltage PCSS lifetime tests are described in this paper along with higher voltage results. Data from the past 20 years of testing PCSS devices [6] indicates that as long as the current filaments are longer than their diameters then shorter lower voltage PCSS devices exhibit damage mechanisms similar to longer higher voltage devices. These damage mechanisms are typically concentrated at the ends of the filaments near the contacts of the PCSS.
II. EXPERIMENTAL PROCEDURE
Devices were fabricated from epi-ready, 100-mm semiinsulating GaAs wafers. For lifetime testing, devices were designed with 250-micron and 2.5-mm cathodeanode gaps.
Larger switches for higher voltage applications were also fabricated with identical processing on the same wafers. In the case of the 250-micron gaps, the wafers were pre-irradiated with 2.5×10 14 /cm 2 neutrons for reduced leakage current and prevention of selftriggering into high-gain mode during dc switch charging. Larger switches are currently pulse charged and do not require the dc holdoff possible with neutron irradiation, but could be neutron irradiated in the future. Fabrication began with wafer cleaning, lithography, and deposition of the cathode electrode metal stack (26 nm Ge, 54 nm Au, 15 nm Ni, and 200 nm Au). The anode electrode was similarly defined and 200 nm of 2% Be-Au alloy was evaporated for the anode metal contact. The contacts were then annealed between 320 °C and 430 °C for 1 minute. Pad metal lithography defined the area for thick gold deposition by either evaporation (1 micron or 3 microns) or plating (11 microns). This pad metal was inset from the contact by either 1 or 5 microns. Finally a silicon nitride layer was deposited by plasma-enhanced chemical vapor deposition for device surface passivation and to serve as an anti-reflective coating for the 850 nm trigger laser. For some switches the anti-reflective coating was either not applied or was removed. Figure 1 shows a schematic of the die layout indicating the anodecathode gap and the pad metal inset. 
III. RESULTS AND DISCUSSION
Our results are divided into 3 sections. First, we discuss reliability distributions observed for a large number of tested switches with 250-micron anodecathode spacing. Second, we investigate the role of contact annealing on the longevity of these switches. Third, we report results on large switches which have had thick/thin pad metal, small/large pad inset, and presence or absence of silicon nitride passivation.
We begin with the results for 250-micron gap switches designed to operate at 500 V and deliver ~ 100A. These switches are dc charged, are fired at ~1 Hz, and discharge with a single filament. The PCSS were installed in a lowinductance circuit to discharge a 2nF capacitor into a 0.1-ohm current viewing resistor. The leakage current at full charge voltage, peak discharged current, switching delay, and voltage/current waveforms were collected for each shot. The PCSS was triggered using a commercial laser diode stack array driven by a high-speed pulse generator. The laser emission is coupled to the PCSS using a cylindrical waveguide. The optical energy can be varied by adjusting the coupling between the laser and the waveguide. Switch lifetime is reduced when triggering with too low an optical trigger pulse energy; the results presented here focus on the case when the optical trigger energy is several times the minimum threshold for triggering to lock-on mode. At these light levels the switch lifetime is insensitive to variations in the laser trigger pulse energy.
The fixture was actively temperature -controlled using thermoelectric cooling / heating and thermistor feedback over the range of -55C to +75C, using a closed nitrogen flushed atmosphere cell to prevent condensation. The small die size (4 mm 2 ) allows about 1600 devices per wafer. Figure 2 shows the typical degradation of pulse peak current as a function of shot number over the lifetime of a device. Figure 3 shows the cumulative distribution function for a population (N=20) of these switches tested at 500V. The variable "F" is the cumulative fraction of devices failed (i.e. it is a number between zero and one). This population is chosen randomly from among devices off 3 wafers that (1) pass visual inspection and (2) are within ± one standard deviation of the mean dc electrical leakage at 500V bias. This process effectively eliminates outliers from timeconsuming lifetime testing. The ordinate in this graph is the inverse standard Gaussian function, and data plotted on this scale follow a line if the lifetime follows a lognormal distribution [2] . The lifetime testing was also performed at 425 V and 575 V bias, as well as at 500 V bias and -55 °C. In all cases the log-normal distribution fit the observed lifetimes. Table 1 shows the results. At increased bias voltage, the peak currents are higher and the switch degrades faster. At lower bias voltages, although the rate of switch degradation is smaller, there is much less operating margin before the peak current crosses the 100 A failure threshold. We found that operating at lower temperatures decreased the shot life. Future investigations will study the reasons for the lifetime reduction at reduced test temperatures, which may provide some insight into the underlying physical mechanisms to the lifetime limitations. The failure mechanism of these switches is the accumulation of damage at the anode of the device. Scanning electron micrographs show crater formation (several microns deep) in the gap immediately adjacent to the anode. The ejected material lands in the gap and may prevent triggering due to blocking of the laser trigger light. Also visible as faint surface irregularities are tracks created by filaments. Most likely, these tracks and craters are created near the end of the switch life, as switches removed from service early in life have no noticeable damage.
It is possible with insufficient annealing to shift the lifetime-limiting electrode to the cathode side. In this case, a similar looking failure mode appears adjacent to the cathode and the device lifetime drops precipitously. Figure 4 shows the shot life of these devices as a function of peak annealing temperature. At the two lowest annealing temperatures, the device at the end-of-life shows strong visible damage near the cathode while the anode shows no damage. At the 360 °C anneal temperature, the damage appears about equally at both contacts. At higher temperatures the shot life is limited by the anode and no damage can be seen at the cathode. This transition is clearly related to the reaction of the Ge/Au/Ni/Au metallization with the GaAs substrate. Above 360 °C the bottom Ge/Au layers intermix to form a eutectic, which reacts with the GaAs to introduce a high concentration of n-type dopant (Ge) in the near-surface region [3] . Above this critical temperature, the cathode contact is robust compared to the anode contact, whose Be dopant is less effective at creating a highly-doped metal-semiconductor interface. We now move to discussing lifetime results for higher voltage switches. These switches are similar in design to the 250-micron switches but have been scaled to an anode-cathode gap of 2.5 mm. Along with the increase in the gap, the overall contact and switch width is increased so that the filament is restricted to the center of the die and will not travel along the die edge. The device is pulse charged and delivers a 20 A peak current and is tested at 1-100 Hz. Careful setup of the device testing procedures is essential for reproducible lifetime results, as described elsewhere at this conference [4] . The lifetime results are shown in Figure 5 . The test facility for the PCSS based trigger generators and the optimization of the triggering of these and longer switches for high-voltage (30-100 kV) and high-current (50-500 A) operation is shown in [5] .
As determined for the 250-micron switches, the device annealing temperature is set at 420-430 °C.
The appearance of the metal surface was confirmed to visually match that obtained under the optimum annealing conditions for the 250-micron switches as described above. We investigated three variables using three wafers fabricated at the same time, in the same lot. Two variables relate to the pad metal. Because the damage appears at the edge of the anode, we hypothesized that reducing the inset of the pad metal from the anode metal might aid in the current spreading out to the tip of the anode. The failure model would be that the thin anode metallization is worn away due to the extreme current densities over this small area. Similarly, we expected that thick metal would outperform thin pad metal in supporting current spreading. Therefore, the first attempt (wafer 1) incorporated electroplated pad metal 11 micron thick placed within 1 micron of the anode and cathode metallization. As a comparison, we have an evaporated 1-micron pad metal at a standard 5-micron inset from the anode and cathode metallization (wafer 2). Surprisingly, the expected worst combination -thin pad set farther back -actually had ~10x longer shot life. No reasonable physical model would suggest that a thinner pad or larger inset could improve performance. The process steps are very similar to produce these slightly different device geometries. The accuracy of the thickness measurement and pad lithography were confirmed by scanning electron microscope. The third variable involved was the surface treatment. We have followed the standard practice of applying a silicon nitride antireflective coating on the device for surface passivation and to reduce the laser pulse energy required for triggering. In this case, wafer 2, which outperformed wafer 1 despite the thinner pad and increased inset, had silicon nitride passivation. This suggests that the silicon nitride is key to improving shot life, either through improved passivation or improved transmission of the laser trigger into the GaAs. To test this theory, the third wafer, which combined a thin pad with a reduced inset, had the silicon nitride removed by dry etching in a reactive ion etch -CF 4 /O 2 plasma. These devices performed another order of magnitude better than the devices from wafer 2. The exceptional performance of the wafer 3 devices show that the optical properties of the silicon nitride coating are not critical to obtaining long shot life. In fact, the data are consistent with shot life being closely linked to surface preparation as long as the contacts are sufficiently annealed. The RIE etch used to remove the silicon nitride is known to generate a fluoropolymer residue on all exposed surfaces. It seems likely that this surface preparation is superior to the GaAs/silicon nitride interface, while the untreated GaAs interface is worst of all. Future work will attempt to correlate surface treatments (e.g. sulfide application or AlGaAs heterostructures) to shot life to extend these findings, as well as confirming the current observations on a larger number of switches. Testing is underway to complete the matrix of design variables investigated here.
IV. SUMMARY
Fabrication and testing parameters critically influence the lifetime of PCSS switches. A population of devices biased at 500 V and delivering ~100 A current pulses followed a single log-normal distribution for switch lifetime, suggesting a single failure mechanism is at work for these devices. Different contact annealing conditions were studied, showing that ohmic contact formation is critical to improve lifetime, shifting the lifetime-limiting electrode from the anode to the cathode. Investigations of cathode metallization schemes may offer a path to even longer lifetimes. However, while testing 2.5 mm switches with 20 A pulses, design changes expected to improve current spreading (increased pad thickness and reduced pad inset) did not impact lifetime positively. It is possible that in a multi-filament, kilo-amp operation the pad thickness may become an important contributor to device lifetime. Instead, the GaAs surface condition seemed to be the dominant factor in achieving long shot lifetime. Based on the similar physical appearance at end of life between switches designed for operation between 500 V and >100 kV, we believe the life test data for smaller switches is valuable for future switch design. Further testing of switches fabricated in this lot for high-voltage (30-100 kV) and high-current (50-500 A) operation is underway.
